Type IV pili are surface-exposed retractable fibers which play a key role in the pathogenesis of Neisseria meningitidis and other gram-negative pathogens. PilG is an integral inner membrane protein and a component of the type IV pilus biogenesis system. It is related by sequence to the extensive GspF family of secretory proteins, which are involved in type II secretion processes. PilG was overexpressed and purified from Escherichia coli membranes by detergent extraction and metal ion affinity chromatography. Analysis of the purified protein by perfluoro-octanoic acid polyacrylamide gel electrophoresis showed that PilG formed dimers and tetramers. A three-dimensional (3-D) electron microscopy structure of the PilG multimer was determined using single-particle averaging applied to samples visualized by negative staining. Symmetry analysis of the unsymmetrized 3-D volume provided further evidence that the PilG multimer is a tetramer. The reconstruction also revealed an asymmetric bilobed structure approximately 125 Å in length and 80 Å in width. The larger lobe within the structure was identified as the N terminus by location of Ni-nitrilotriacetic acid nanogold particles to the N-terminal polyhistidine tag. We propose that the smaller lobe corresponds to the periplasmic domain of the protein, with the narrower "waist" region being the transmembrane section. This constitutes the first report of a 3-D structure of a member of the GspF family and suggests a physical basis for the role of the protein in linking cytoplasmic and periplasmic protein components of the type II secretion and type IV pilus biogenesis systems.
The gram-negative pathogen Neisseria meningitidis is the causative agent of meningococcal meningitis and septicemia and a serious public health problem. Type IV pili are long, thin, and mechanically robust fibers which extend from the surface of the bacterium and bind to host cell surface receptors (37) . They have been shown to play a pivotal role in colonization and infection by N. meningitidis (27) . Type IV pilus tip adhesins mediate binding to epithelial cell receptors (37) and so play a role in colonization (27) . Type IV pili are also known to be involved in autoagglutination (38) and natural competence for DNA uptake (18) . The ability of type IV pili to retract has been linked to twitching motility, a form of bacterial propulsion along solid surfaces (3) . Despite the importance of type IV pilus biogenesis, the present understanding of the process at a molecular level is rudimentary. A survey has identified 15 different proteins involved in the biogenesis of type IV pili in N. meningitidis (5) . Of these, only six (PilD, -F, -M, -N, -O, and -P) are essential for assembly of the major pilus protein, PilE, into pili (4) . Other proteins appear to be involved in the functional maturation of the pilus (PilC, -I, -J, -K, and -W), its retraction (PilT), or its transit across the outer membrane (PilQ). Interestingly, although pilG mutants in pathogenic Neisseria are devoid of pili (40) , Carbonnelle et al. found that a pilG pilT double mutant was piliated, with adhesive and aggregative properties which were close to those of the wildtype strain (4) . These authors concluded that PilG plays a role in the counterretraction of the pilus fiber rather than a primary role in pilus assembly.
Several lines of evidence have pointed to similarities between type IV pilus biogenesis and the type II secretion system (23, 28) . For example, the GspE family (GSP is for general type II secretory pathway) of hexameric ATPases, which are involved in type II secretion (23, 43) , have orthologs which appear to carry out similar functions in type IV pilus biogenesis (4, 14, 20) . The PulD and PilQ secretins, which mediate the transport of pullulanase and type IV pili, respectively, across the outer membrane, show some homology in sequence within their C-terminal regions and have broad structural similarities (6, 12) . PilG is a member of the large GspF family of integral inner membrane proteins, which includes proteins involved in type IV pilus biogenesis and type II secretion. Evidence from studies on both systems suggests that GspF orthologs function as a complex with other proteins involved in the secretion process. For example, Py et al. showed that in the type II secretion system in Erwinia chrysanthemi, GspF formed part of a complex with GspE, -L, and -M (30). Crowther et al., working on the mechanism of bundle-forming pilus formation in enteropathogenic Escherichia coli, showed that the GspF ortholog BfpE is involved in recruiting the ATPase BfpD to the cytoplasmic membrane (13) . They also provided evidence that BfpE interacted with a separate ATPase, BfpF, to promote pilus retraction. Further work has shown that peptides derived from another pilus biogenesis component protein, BfpC, and BfpE stimulated the ATPase activity of BfpD in an allosteric manner (14) . These observations support the view that the BfpE/PilG pilus biogenesis components play a crucial role in the formation of a multiprotein complex which could traverse the inner membrane.
To date, there have been no reports of three-dimensional (3-D) structures of members of the GspF family. Blank and Donnenberg used a fusion protein approach to study the topology of BfpE and identified four transmembrane segments, three within the center of the gene and one at the C terminus (1). These observations led to a proposed topology for BfpE, with a large cytoplasmic N-terminal domain, three transmembrane ␣-helices, a smaller periplasmic domain, and a fourth C-terminal transmembrane ␣-helix. Single-particle averaging (SPA) is a method which can be applied to determine the 3-D structure of a large protein (Ͼ200 kDa) by a process of averaging projections of many thousands of individual protein particles (17) . We have previously described the application of SPA methods to determine the 3-D structure of another membrane-associated component from the Neisseria type IV pilus biogenesis system, the outer membrane secretin PilQ (10, 12) . The results established that PilQ is a dodecamer and adopts a cage-like structure with a large internal cavity which is filled when PilQ associates with type IV pili (9, 11) . These observations illustrate the potential of SPA methods to provide structural information which can suggest clues to the function of the protein. Here we describe the 3-D structure of PilG from Neisseria meningitidis by SPA. We show that PilG forms a tetrameric bilobed structure, which agrees well with the Blank and Donnenberg topology model for the ortholog BfpE. The significance of the structure, in terms of its implications for the function of this class of pilus biogenesis proteins, is discussed.
MATERIALS AND METHODS

Materials
. BD Co-TALON resin was obtained from BD Biosciences. n-Dodecyl-D-maltoside (DDM) was from Anatrace Ltd., United Kingdom. Oligonucleotide primers were purchased from Sigma-Aldrich, and Pfu polymerase was purchased from Epicenter Biotechnologies. The E. coli strain DH5␣ was obtained from Invitrogen Ltd., United Kingdom. E. coli strains BL21(DE3)* and BL21(DE3)pLysS were from Novagen (Merck Biosciences Ltd., United Kingdom). Perfluoro-octanoic acid (PFO) was supplied by Fluorochem (Old Glossop, Derbyshire, United Kingdom). Ni-nitrilotriacetic acid (NTA) nanogold was from Nanoprobes (Yaphank, NY).
Cloning and overexpression of recombinant PilG. DNA sequence coding for the integral membrane protein PilG was amplified from genomic DNA isolated from Neisseria meningitidis MC58 (39) by use of high-fidelity Pfu polymerase and the following two primers: 5Ј-CGGGGCTAGCATATGGCTAAAAACG and 5Ј-GGATCTGTGCCTCGAGTCAGGCGACCACG. An NdeI site was introduced into the 5Ј end of the PCR product before the start codon, and an XhoI site was positioned after the stop codon at the 3Ј end. The PCR product was ligated directionally into the corresponding sites of pET-28a (Novagen) to yield the expression vector pNm-pilG, which introduces a hexahistidine tag at the N terminus of the protein. For expression, pNm-pilG was transformed into E. coli BL21(DE3)* (Invitrogen), and transformants were grown in 2YT medium (34) to an optical density at 600 nm of 0.8 to 1.0 at 37°C. At this point, expression was induced by the addition of isopropyl-␤-D-thiogalactoside (IPTG) to 0.1 mM, and the cells were transferred to a temperature of 25°C. Growth was allowed to continue for a further 16 h after induction at 25°C, before the cells were harvested by centrifugation at 6,000 ϫ g av for 20 min.
Purification of recombinant His-tagged PilG. The bacterial cell pellet was resuspended in lysis buffer (50 mM Tris [pH 8.0], 200 mM NaCl, 1 mM EDTA, and 0.5 mM dithiothreitol); 10 ml of lysis buffer was used per liter of culture. Lysozyme and DNase were also added to aid cell lysis. To minimize proteolysis, a "cocktail" of protease inhibitors (complete, EDTA free, catalog no. 11873580001; Roche) was added at the standard concentration recommended by the manufacturer. Cells were broken using a probe sonicator, and unbroken cells were removed by low-speed centrifugation at 10,000 ϫ g av for 20 min. The supernatant was filtered through a 0.45-m syringe filter and retained. A membrane-rich preparation was subsequently isolated by centrifugation at 100,000 ϫ g av for 1 h at 4°C. The supernatant was discarded and the pellet washed with 50 mM Tris (pH 8.0) and 200 mM NaCl, to which protease inhibitors had been added. PilG was solubilized from this membrane-rich preparation by resuspension in 50 mM Tris (pH 8.0), 200 mM NaCl, 1% (wt/vol) DDM, also including proteinase inhibitors, at 20°C for 1 h. Insoluble material was subsequently removed by centrifugation at 100,000 ϫ g av for 30 min at 22°C. Co-TALON resin, which had been preequilibrated in 50 mM Tris (pH 8.0), 200 mM NaCl, 0.08% (wt/vol) DDM, was added to the supernatant, and the suspension was mixed gently for 16 h at 4°C. The Co-TALON resin was packed into a benchtop column and washed with 10 column volumes of Tris-NaCl-DDM buffer. PilG was eluted by application of 50 mM Tris-HCl, 200 mM NaCl, 0.08% (wt/vol) DDM, and 200 mM imidazole (pH 8.0). The imidazole was removed by dialysis against 50 mM Tris-HCl, 200 mM NaCl, 0.08% (wt/vol) DDM (pH 8.0), and the purified PilG was concentrated by ultrafiltration. The identity of the eluted protein was confirmed by matrix-assisted laser desorption ionization-time of flight mass spectrometry.
PFO-PAGE of oligomeric PilG. PFO polyacrylamide gel electrophoresis (PFO-PAGE) was performed using a variation on previously reported methods (31) . Ten microliters of the sample, at a protein concentration of 600 g/ml, was mixed 1:1 with PFO sample buffer (100 mM Tris [pH 7.5], 8% [wt/vol] Na-PFO, and 20% [vol/vol] glycerol) and incubated at 4°C for 10 min. Samples were then loaded onto 7.5% slab gels containing 375 mM Tris-HCl (pH 7.5) and run in a buffer precooled to 4°C and containing 25 mM Tris-HCl (pH 7.5), 200 mM glycerol, and 8% (wt/vol) Na-PFO for 2 h at 4°C.
CD. Circular dichroism (CD) spectra of PilG were obtained using a JASCO J-10 spectrometer and a quartz cell with a 1-mm path length. PilG was at a concentration of 0.130 mg/ml in 50 mM Tris-HCl (pH 7.5), 200 mM NaCl, and 0.08% (wt/vol) DDM. The spectrum was recorded at 20°C, and data from a blank, containing the same buffer but with no protein, were subtracted. Measurements were made only down to the wavelength where the instrument dynode voltage indicated the detector was still in its linear range.
Electron microscopy of PilG. Samples of PilG were diluted to 25 g/ml in 50 mM Tris-HCl, 200 mM NaCl, and 0.08% (wt/vol) DDM and negatively stained with uranyl acetate as previously described (11) . Transmission electron microscopy (TEM) images were recorded with a Tecnai 10 operating at 100 KeV onto Kodak SO-163 film. Data were scanned using a UMAX 2000-Powerlook scanner at 1,600 dots per inch, providing a specimen level increment of 3.66 Å/pixel.
Determination of PilG 3-D structure. A total of 9,440 particles were interactively selected using BOXER (25) and contrast normalized. The contrast transfer function (CTF) for each particle in the data set was determined using the program CTFIT (25) , and corrections for amplitudes and phases were applied using a GroEL structure factor data set (provided by S. Ludtke). The data set was initially analyzed by calculating 55 reference-free projection averages that revealed the complex orientated in multiple particle positions. By following methods previously described (12), a preliminary 3-D model was determined from SPA classes that represented different views of the oligomer. In outline, this process involved the generation of reference-free class averages followed by the imposition of a low-pass resolution filter to 20 Å. Poorly sampled or noisy images were deleted manually. A variety of classes that were representative of different sample orientations, i.e., exhibiting rotational and bilateral symmetry as well as a variety of intermediate orientations, were subsequently selected. Classes which were apparently duplicated were deleted. From these classes, an unsymmetrized start model was generated and then refined, with the appropriate symmetry imposed. As part of the symmetry analysis process, a range of symmetries was applied in separate structural calculations: C1 (i.e., no rotational symmetry imposed), D2, C2, and C4 symmetries were imposed during independent computations. The relative orientations of the characteristic views were determined using a Fourier common-lines routine, and the resulting averages were combined to generate the preliminary 3-D model. The 3-D structure was subsequently refined using eight rounds of iterative projection matching. Each refinement was assessed by examining convergence with the Fourier shell correlation (FSC) of the 3-D models generated from each iteration. The resolution was determined to be 22 Å by FSC analysis as described previously (12) . FSC effectively splits the particles into two independent datasets: calculation of a 3-D volume from each data set generated two structures which had essentially the same features as the final structure. Furthermore, the principal features of the final model were not dependent on the starting model: a repeat of the procedure using an amorphous "blob" as a start model yielded a similar reconstruction. The labeling of PilG with Ni-NTA nanogold particles was carried out as described for the secretin protein PilQ (19) . A total of 1,100 gold-labeled particles were selected interactively, and a 3-D structure was calculated using the refined PilG structure as a start model for the gold-labeled data set.
Symmetry analysis. Density map correlation coefficients were calculated by rotation of the unsymmetrized (C1) 3-D map about the long axis of the PilG complex by use of MAPROT (36) , and the density map correlation coefficient was calculated using OVERLAPMAP (2); both programs are from the CCP4 suite (8) .
RESULTS
Expression and purification of PilG. As part of a program to investigate the structures and functions of the proteins involved in the biogenesis of type IV pili in Neisseria, we sought to express and purify the integral membrane protein PilG in quantities suitable for structural analysis. An expression vector for PilG was constructed by insertion of an NdeI-XhoI fragment incorporating the entire pilG open reading frame into pET-28a to create pNm-pilG. Following the transformation of pNm-pilG into E. coli BL21(DE3)*, expression was monitored by Western blotting under a variety of different growth conditions. Optimal expression of PilG was obtained by transferring the cells to grow at 25°C after induction with IPTG (data not shown). Following cell breakage by sonication, total membranes were isolated by ultracentrifugation before solubilization with the detergent DDM. PilG was then purified by metal affinity chromatography using a Co-TALON affinity resin. Examination of the purified protein by sodium dodecyl sulfate (SDS)-PAGE gave a band with an estimated subunit molecular mass of about 43 kDa, close to the predicted value of 48.2 kDa expected from the sequence (Fig. 1A) . The procedure produced a yield of about 1 mg purified protein from 6 liters of bacterial culture.
Biophysical properties of purified PilG. Previous work using a yeast two-hybrid system had suggested that the PilG ortholog BfpE is multimeric, but the precise quaternary structure of any member of the GspF family has yet to be established (13) . PFO-PAGE is a technique that allows the quaternary structure of an oligomeric complex to be quantitatively assessed because the detergent PFO maintains subunit interactions in many protein oligomers (31) . Separation of purified PilG by PFO-PAGE identified two main bands which migrated at estimated molecular masses of ϳ40 kDa and ϳ80 kDa (Fig. 1B) and were identified as monomeric and dimeric species, respectively. A higher-molecular-mass band, estimated at ϳ180 kDa, was also detectable and could correspond to a trimer or tetramer. The quaternary structure of PilG was also examined by ultracentrifugation: sedimentation equilibrium analysis produced an overall molecular mass estimate of 124 Ϯ 4 kDa. Sedimentation velocity analysis showed the presence of three species: around two-thirds of the sample was dimeric, with the remaining fraction consisting mostly of tetramers and, to a lesser extent, higher-order species (data not shown). The ultracentrifugation was carried out using PilG solubilized in DDM: this detergent appeared to preserve the quaternary structure of the protein better than PFO. Nevertheless, the results provided clear evidence for the formation of dimers and tetramers by PilG.
Secondary structure bioinformatic predictions (33) indicated a high content of ␣-helix in PilG, at 73%. In order to establish that the purified PilG sample was correctly folded, a CD spectrum was obtained (Fig. 2) . The results show a double minimum in the CD signal at 208 and 220 nm, characteristic of a protein with high ␣-helical content. Noise in the signal in the 190-to 200-nm region complicated an estimate of the proportion of ␣-helix in the protein.
TEM of purified PilG. Figure 3A shows a sample area of a TEM of purified PilG visualized by negative staining. The population of PilG oligomers was homogeneous, generally nonaggregated, and uniform in size (80 to 130 Å). Determination of a 3-D structure by SPA using the EMAN software (25) requires that a preliminary 3-D model be generated and then subjected to an iterative refinement procedure to generate the final structure. To generate this preliminary model, a set of reference-free class averages needs to be generated from the particle data set: a representative selection of those for PilG is shown in Fig. 3B . Each class average represents an averaged projection of a particular orientation of the PilG particle. The results show a variety of different projection types, demonstrating that the PilG oligomer was positioned on the carbon support film in different orientations. Although many projection classes were apparent, two types of high-contrast projections 
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at Penn State Univ on April 16, 2008 jb.asm.org could be broadly distinguished from the majority of the data. One type of projection (Fig. 3B , top left) was ϳ80 to 90 Å in width, had a squared four-lobed appearance, and was well stained in the center. The other type of high-contrast projection (Fig. 3B, bottom right) was more elongated. The other class averages represented various intermediate orientations between these two projections (Fig. 3B , middle rows) and so were suitable for calculating a 3-D structure using Euler angle determination and cross-common lines projection matching (25) . The readily apparent visual correlation between each class average (Fig. 3B , right column) and its equivalent backprojection from the refined 3-D structure (Fig. 3B , left column) demonstrates an excellent correspondence between the data and the final structure. 3-D structure of solubilized PilG. A total of 9,440 unique PilG particles were processed to produce a 3-D reconstruction at an estimated resolution of 22 Å. Structure calculation carried out with no symmetry imposed (i.e., C1), generated a volume which was analyzed by map density correlation analysis (Fig. 4) . The results showed a strong signal for twofold symmetry, with slightly weaker peaks at 90°and 270°. A top view of the unsymmetrized volume showed an apparent fourfold symmetrical arrangement (Fig. 4, inset) . Given the results of the biochemical analysis of the quaternary structure detailed above, the most plausible symmetry arrangement would be D2, C2, or C4. Repeating the structure calculation, but with D2 symmetry imposed, produced a rectangle-shaped volume, which was inconsistent with the unsymmetrized class averages shown in Fig. 3 (data not shown) . The possibility of D2 symmetry was therefore discounted. 3-D structural processing was repeated, imposing C2 or C4 rotational symmetry: the result- ing reconstructions (Fig. 5A) were essentially similar in all major features. Volumes from both structures, when contoured at 2.6 above the mean density, would accommodate an estimated molecular mass of about 240 kDa. This is consistent with a PilG tetramer, assuming a contribution of 192 kDa from the protein and 48 kDa from the bound DDM micelle. It is not possible, however, to distinguish between a dimer-ofdimers quaternary arrangement (i.e., C2) and a tetramer related by fourfold rotational symmetry (C4) on the basis of these data. As the C2 and C4 models show essentially the same features, further analysis will use the C4 structure, although the conclusions drawn also pertain to the C2 reconstruction. It should be noted that the sample would undoubtedly have contained PilG dimers, but their size (ϳ120 kDa) is too small to be visualized as a particle well stained for SPA. Consequently, the particles selected and analyzed by SPA corresponded only to the tetrameric species, and the dimeric species were effectively omitted. The PilG tetramer is 125 Å in length and has a bilobed, asymmetric, "missile-like" appearance when viewed from the side. A narrowed waist divides the molecule into two unequal halves, which can be characterized as "fin-like" and "cone-like" features (Fig. 5A) . Viewed from the top, the particle has a distinctive square appearance, maximally 80 Å wide (Fig. 5) . In order to identify which end of the molecule corresponded to the N-terminal domain, we employed selective labeling with Ni-NTA nanogold, which binds to the N-terminal polyhistidine tag. In a separate reconstruction, a data set of 1,100 particles of the Ni-NTA nanogold-PilG complex was collected: some examples of the images used are shown in Fig. 6A . Using the unliganded PilG structure as a starting model, a volume for the Ni-NTA nanogold-PilG complex was determined (Fig. 6B) . A major strength of the nanogold labeling methodology is that the nanogold particles have scattering characteristics different from those of the PilG volume in negative staining: the positive density in Fig. 6B , in green, is attributable to PilG, and the negative density, in yellow, corresponds to the nanogold particles. The location of the nanogold label can therefore be readily distinguished from background noise. The PilG portion of the structure has the characteristics of the PilG reconstruction alone but is inevitably noisier, due to the lower number of particles used in the reconstruction. The main features of the PilG structure-the "fins" at the top, the narrower "waist" region, and the "cone" at the bottom of the structure-are readily apparent. It is clear that the majority of the nanogold labels associate with the bottom half of the structure. It should be noted that the yellow nanogold density in Fig. 6B and C is somewhat diffuse, possibly because the N-terminal polyhistidine tag is surface exposed and consequently mobile. Nevertheless, the results provide clear evidence that the N terminus is associated with the "cone" portion of the PilG structure. A composite image of the (unliganded) PilG structure in green with the nanogold density peaks superimposed in yellow is shown on the left side of Fig. 6C .
DISCUSSION
The members of the GspF family are not well understood at the structural level, despite their established importance in type II secretion and type IV pilus biogenesis. The data pre- (21) found only three, missing the third transmembrane helix, which was detected only weakly by most methods, probably due to the relatively high number of charged residues within this portion of the sequence. The prediction of the number and location of transmembrane helices in membrane proteins is not completely reliable, although methods based purely on hydrophobicity scales are generally less accurate (7) . In view of the preponderance of predictions in favor of four helices in PilG, rather than three, and considering the similarities between the roles of PilG and BfpE in pilus biogenesis, we propose that PilG is most likely to adopt a four-helix topology. This topological model would effectively divide PilG into two unequal halves: an N-terminal cytoplasmic domain of around 170 residues and a C-terminal periplasmic domain of 100 residues, separated by three transmembrane helices (Fig. 6C,  right) . Such an arrangement would have an obvious correlation with the 3-D reconstruction, with the N-terminal domain aligning with the bottom part of the structure, the fin-shaped top of the structure corresponding to the C-terminal domain, and the narrow "waist" region comprising the central three transmembrane helices (Fig. 6C ). This conclusion would suggest that PilG not only spans the bacterial inner membrane but has substantial segments of polypeptide chain exposed at both the cytoplasmic and periplasmic sides. We would expect this conclusion to extend to other orthologs of PilG including, for example, PulF from Klebsiella pneumoniae (29) and OutF from Erwinia chrysanthemi (24) . The overall size of the PilG particles is at the limits of the potential of single-particle 3-D reconstructions (17) . Nevertheless, the resulting 3-D reconstruction provided clear evidence for a tetrameric quaternary arrangement. This observation The PilG volume is shown by green netting contoured at 3 above the mean density. Peaks associated with nanogold particles are shown in yellow at Ϫ4.1 below the mean density. C4 symmetry has been imposed. The volume was calculated using the PilG reconstruction determined previously (Fig. 5 ) as a start model for the nanogold-labeled data set (n ϭ 1,100) and processed as described previously (12) . The volume is displayed following low-pass filtering to 25 Å. Scale bar ϭ 50 Å. (C) The left panel shows a composite figure, with the volume from the reconstruction of PilG alone displayed at 2.6 (light green) and 5 (dark green) above the mean density in green surface rendering with 50% opacity. Superimposed on this density are the peaks associated with the bound nanogold particles, shown at Ϫ5 below the mean density in yellow surface rendering. Both volumes had C4 symmetry imposed. The cartoon on the right shows the PilG topology, with transmembrane helices predicted using PHDhtm (32) , matched approximately to the distribution of mass in the PilG 3-D structure on the left. agrees well with PFO-PAGE and ultracentrifugation analysis, which established that although the dimeric form was the main species present in solution, PilG was capable of forming tetramers. The quaternary state of PilG when reconstituted into the membrane is harder to extrapolate from these data. It should be noted that the oligomeric state of functionally active membrane protein complexes can vary depending on the detergent used in the purification. For example, photosystem I may be purified as a stable monomer or trimer, but the relative ratio of monomeric to trimeric species varies depending on the detergent of choice (16) .
Carbonnelle et al. have suggested that PilG plays a role in the retraction/counterretraction of the type IV pilus fiber rather than in the assembly of the PilE pilin protein into pili (4). The ATPase PilT is known to be specifically involved in retraction of the pilus fiber: pilT mutants can produce pili but not retract them (26, 42) . A pilG pilT double mutant produces pilus fibers that are identical to those from wild-type organisms, and the pilus-mediated adhesion of the double mutant to human cells is only marginally impaired (4). The precise function of PilG is currently unknown, although the structure presented here suggests that it could potentially play a role in binding to other pilus biogenesis proteins in the cytoplasm and periplasm and perhaps even provide a link between these two compartments. We estimate that the cytoplasmic and periplasmic domains protrude about 50 and 30 Å, respectively, from the inner membrane and would present plausible surfaces for interaction with other biogenesis component proteins. The association of the four periplasmic "fins" forms a shallow, coneshaped invagination at the top of the PilG complex. This is around 20 Å deep in the center (Fig. 5B) and could potentially provide a binding surface for other protein partners. An intriguing aspect of type IV pilus retraction is the way in which ATP hydrolysis in the cytoplasm is apparently coupled to the disassembly of the pilus fiber in the periplasm. The 3-D structure of PilG suggests a physical explanation for how this protein could play a role in physically linking these two processes.
